C
opper (Cu) is one of the most prevalent transition metals in living organisms (1) . Because free copper is toxic, copper homeostasis in living organisms is tightly controlled by molecular mechanisms in which the metal is sequestered by protein carriers (2) (3) (4) . During the past decade, an important class of cytoplasmic copper chaperones have been identified that bind Cu(I) with Cys 2 coordination (5-9). These small, soluble proteins guide and protect the copper ions within the cell, delivering them to the appropriate functional targets. In humans, the Cu(I) chaperone Atox1 delivers Cu to metal-binding domains of ATP7A (i.e., Menkes disease protein) and ATP7B (i.e., Wilson disease protein) proteins, which are P 1B -type ATPases (6, 7, 10) . In an ATP-dependent process, ATP7A or ATP7B (depending on the cell type) translocate copper from the cytoplasm into the Golgi lumen for insertion into enzymes in the secretory pathway (6) , such as apo-ceruloplasmin (11) .
Human Atox1 is a 68-residue protein that, like the metalbinding domains in ATP7A and ATP7B, has a ferredoxin-like ␣/␤-fold and a single MXCXXC copper-binding motif (12, 13) (Fig. 1A) . Structural work has demonstrated that Cu chaperones and target metal-binding domains from various organisms possess the same fold and coordinate the metal via two surfaceexposed cysteines in the MXCXXC motif (13) (14) (15) (16) (17) (18) (19) (20) (21) . Although the methionine in the first position of the MXCXXC motif is conserved in all organisms, it is not directly involved in metal ligation (13) . Instead, it has been proposed to act as a tether that modulates copper-binding loop structure (13, 22) .
An important difference between the eukaryotic and bacterial Cu chaperones is the amino acid at position 60. Although distant in primary sequence from the metal-binding site, this residue is situated in close proximity to the metal-binding site in the tertiary structure. In eukaryotic Cu chaperones, including Atox1, this residue is an invariant Lys, which is proposed to neutralize the overall negative charge of the Cu-thiolate center (13) . In prokaryotes, the amino acid at the position corresponding to 60 in Atox1 is always a Tyr that forms hydrophobic contacts with the side chain of the conserved methionine in the metal-binding motif (13) . Atox1, like the other Cu chaperones, binds Cu(I) with a linear S-Cu-S coordination, although a three-coordinate adduct has also been detected in the presence of external ligands, such as DTT (23) .
The affinity of Atox1 for Cu(I) is reported to be in the range of 10 6 to 10 10 M Ϫ1 , and similar Cu affinities of target domains in ATP7A and ATP7B have been determined (24, 25) . Thus, vectorial Cu transfer from the chaperone to the target domain does not appear to be driven by thermodynamics. Instead, Cu transport occurs by the ATP-dependent net irreversible transport of the metal into the secretory vesicles, which is facilitated by specific donor-acceptor protein interactions (18, 24) .
To begin to address the mechanism of Cu(I) transfer between Atox1 and target domains, we have here examined the role of two conserved residues (Met-10 and Lys-60) in Atox1 Cu transfer reactions, by using the Cu(I) chelator bicinchonic acid (BCA), as a metal displacement reagent. The displacement of Cu from holo-Atox1 by BCA involves a three-step reaction. The initial bimolecular step forms a transient Atox1-Cu-BCA species, and then Atox1 is displaced from the metal by a second BCA molecule. The mutations of Met-10 and Lys-60 to alanines markedly enhance the rate and extent of Cu transfer from Atox1 to BCA. Thus, the native Met and Lys residues do play a key role in Cu retention in Atox1, even though they are not ligands of the metal.
changes upon additions of one equivalent of Cu (Fig. 1C) . Titration of Cu to all three proteins resulted in saturation of the changes at 1:1 ratio (data not shown).
Atox1-Cu Dissociation Kinetics.
To measure the rate of Cu dissociation from Atox1, the holoprotein was mixed with increasing amounts of the Cu chelator BCA. BCA is a high affinity Cu(I) chelator that forms a colored Cu-BCA 2 species (logK stability is reported to be Ϸ14) (28, 29) . Time courses for Cu transfer were monitored by the increase in absorption at 565 nm resulting from the formation of the bis-BCA-Cu complex, with the use of wild-type Cu-Atox1 or ''free'' Cu as donors ( Fig. 2 A and B) .
Unexpectedly, Cu transfer from Atox1 to excess BCA was significantly faster than the uptake of ''free'' Cu from solution, but the extent of uptake of ''free'' copper from solution was much greater at all of the BCA concentrations used (Fig. 2C) . In contrast, a 5,000-fold excess of BCA was required for complete extraction of Cu from 3 M holo-Atox1. All of the Cu transfer experiments were performed in the presence of 0.5 mM DTT to keep Cu in the ϩ1 state; it is probable that slow dissociation of DTT from Cu impedes the rate of uptake by BCA ( Fig. 2A) .
To examine the mechanism of Cu transfer from Atox1 to BCA, we measured time courses for the reaction of Atox1-Cu with BCA and varied the concentration of apo-Atox1. As shown in Fig. 3A , the absorbance changes occurring during titration of holo-Atox1 with BCA show a complex sigmoidal dependence on the concentration of added chelating agent. The concentration of BCA required for half-removal of copper is quite large (Ն5,000 M) and increases markedly when excess apo-Atox1 is added to compete with the chelating agent for the metal. The kinetic results are even more striking. The observed rate of Cu transfer, k obs , has a parabolic dependence on [BCA] (Fig. 3B) , and this quadratic dependence is more pronounced at lower apo-Atox1 concentrations. After an initial decrease with increasing [BCA], the observed rate begins to show a linear dependence on BCA concentration. This dependence implies that, at high levels of the chelator, the process becomes second order and is not directly limited by the first order dissociation of Cu from Atox1.
Cu Dissociation from Mutant Atox1. We also performed kinetic experiments for Cu transfer from the Met 10 Ala and Lys 60 Ala Atox1 mutants and found the same general equilibrium and kinetic patterns (Fig. 4) . For both mutants, but not wild-type Atox1, a minor slow phase was detected in the time courses for Cu-BCA 2 formation. This phase was not included in the analysis and appears to be attributable to the presence of some ''free'' Cu in the mutant holoprotein solutions. The rates of this slow process matched that for BCA uptake of ''free'' Cu in solution, shown in Table 1 ).
a second BCA molecule to displace apoAtox1 and generate the strongly absorbing bis-BCA-Cu complex [see supporting information (SI) Fig. S1 ].
Simple dissociation of Cu from holo-Atox1 and then reaction of ''free'' Cu in solution with BCA cannot explain the observed data for two reasons. First, a simple dissociation mechanism predicts that the observed rate will asymptotically approach a limit equal to that for Cu dissociation from holo-Atox1 and become independent of [BCA] (see SI Text, Section B2). The experimental data do not show this limitation; instead, k obs becomes linearly dependent on [BCA] at high chelator concentrations. Second, the observed rate of ''free'' Cu uptake by BCA is much slower than any of the rates observed for transfer from Atox1.
The most general mechanism for Cu transfer from holo-Atox1 to BCA involves the following three steps:
Step 1 involves binding of one BCA to Cu-Atox1 to form the ternary Atox1-Cu-BCA complex (PXL), which facilitates dissociation of the protein in step 2 to form the mono-BCA-Cu (XL) complex.
Step 
Both expressions have a dependence on the square of [BCA], accounting for the sigmoidal equilibrium curve and the parabolic dependence of the observed rates of transfer on chelator concentrations. In the case of the kinetic data, Eq. 3 predicts that the y intercept ([L] 3 0) at high P will be k Ϫ3 and independent of both the nature of the protein and its concentration, which appears to be the case in Figs. 3 and 4 . When [L] 3 ϱ, the expression for k obs becomes:
Eq. 4 predicts a straight line with a slope proportional to [L] and independent of apoprotein concentration, which is also observed experimentally in Fig. 3B . The solid lines in Figs. 3 and 4 represent global fits to combined sets of the equilibrium and kinetic data for three different wild-type apo-Atox1 concentrations and to the two mutant proteins at low protein concentrations. The fitted parameters are reported in Table  1 . The correspondence between the observed data and computed lines is remarkably good, suggesting that the ternary mechanism for Cu transfer is valid. The parameters for the last step in Eq. 1 were defined to be the same for all three proteins because they reflect only the rates of binding of the second BCA molecule to the mono-BCA-Cu complex.
There are three main conclusions from this analysis. First, BCA binding to the mono-BCA-Cu complex is roughly 20,000 times faster than to Atox1-Cu (k 3 vs. k 1 ), and the equilibrium constants for the two BCA-binding steps show roughly the same large differences for all three Atox1 variants (K 3 vs. K 1 ). Second, the affinity of apo-Atox1 for Cu is much greater than that of BCA (i.e., 1/K 2 vs. K 1 or K 3 ), accounting for why an Ϸ1,000-fold excess of BCA has to be added to extract the metal from the protein. Third, although both mutants transfer Cu more rapidly and have lower affinities (i.e., 1/K 2 ) for the metal, the effects of the amino acid replacements are expressed differently in the first two steps. The Met 10 Ala mutation primarily increases the rate (k 2 ) and extent (K 2 ) of Atox1 dissociation from the Atox1-Cu-BCA intermediate and has little effect on the initial binding of BCA. In contrast, the Lys 60 Ala mutation facilitates the binding of the first BCA molecule (K 1 ), inhibits BCA dissociation (k -1 ) and enhances the rate (k 2 ) and extent (K 2 ) of Atox1 dissociation from the Atox1-Cu-BCA intermediate.
Discussion
Safe trafficking of Cu in human cells is provided by the metallochaperone Atox1. To date, there is little information on the actual mechanism of Atox1 mediated delivery of Cu to the ATPases, which, in turn, facilitate Cu movement into secretory vesicles for incorporation into target metalloenzymes. Here, we have taken a step toward understanding how Cu-Atox1 can modulate transfer of its metal to potential acceptors, by using the Cu chelator BCA as an initial target. We expected that the reaction of Atox1-Cu with excess BCA would be a relatively simple process limited by the rate of Cu dissociation from the protein (Fig. S2) . Instead, the reaction showed a complex parabolic dependence of the observed rate on [BCA] .
The observed kinetic and equilibrium patterns require the consecutive reaction of two BCA molecules and transient formation of a ternary Atox1-Cu-BCA complex. The best fits for the observed data were obtained by using the three-step scheme shown in Eq. 1. However, as discussed in SI Text,Section B1, a two-step mechanism, in which the displacement of Atox1 from the ternary complex is concerted, also provides good fits to the observed data (Fig. S1) : Summary of equilibrium and kinetic parameters obtained from global fitting of amplitude and rate data for each Atox1 variant (Fig. 4) by using the equations given in the text that are based on the three-step mechanism.
The key difference in the 2-step mechanism is that the displacement of Atox1 (P) by the second BCA (L) is a single process involving a quaternary transition state, LPXL, for formation of the final Cu-BCA 2 complex. We chose the three-state model partly because of the lack of precedent for a Cu(I) transition complex with such high order (5 to 6) ligand coordination and, partly, because slightly better fits to the observed data were obtained. However, the two-step process cannot be ruled out.
Regardless of the number of steps in the mechanism, we can conclude that it is much easier for BCA to displace Cu from Met 10 Ala and Lys 60 Ala Atox1 than from wild-type Atox1. However, the exact cause of this enhancement in both rate and extent of transfer varies between the two mutants. Previous molecular dynamics (MD) simulations of Met 10 Ser Atox1 indicated that Met-10 is essential for protein rigidity and for positioning the cysteines in proper orientation for Cu uptake (22) . Greater flexibility may help to explain the almost 10-fold greater rate of Atox1 dissociation from the Met 10 Ala Atox1-Cu-BCA complex (k 2 ) compared to wild-type protein.
In contrast, the greater ease of Cu displacement from Lys 60 Ala Atox1 is attributable, in part, to a 4-fold higher affinity of the first BCA for the mutant Atox1-Cu complex. MD simulations of Lys 60 Ala Atox1 indicate that the protein becomes more rigid, especially the Cu-binding loop, in the absence of Lys-60 (A. Rodriguez-Granillo and P.W.-S., unpublished results). Thus, the Lys 60 Ala Atox1 mutant may facilitate coordination with the chelator by holding the Cu in place. However, this mutant also dissociates more readily than wild-type Atox1 from the ternary protein-metal-chelator complex (higher K 2 and k 2 ). In our recent MD study of wild-type Atox1 (30), we found two populations of Cys-Cys distances in the apoprotein, which were designated ''open'' and ''closed.'' The ''open'' conformation is expected to release Cu more rapidly, and it is likely that the mutations alter the ratio of these conformers, presumably favoring the ''open'' form. Testing this interpretation of the higher rates of Cu transfer will require determination of solution structures of the mutants and modeling of their dynamics as well as those of the Atox1-Cu-BCA intermediate.
The initial formation of a ternary complex during the reaction of Atox1-Cu with BCA probably also occurs for Atox1-mediated Cu transfer to the metal-binding domains of ATP7A and ATP7B, although the Cu ligands and coordination geometry likely differ. We speculate that a heterocomplex forms transiently, in which Cu is shared by the Cys in Atox1 and one or two Cys residues in the target domain of the ATP7A/ATP7B proteins. The first metalbinding Cys of the MXCXXC motif exhibits greater mobility than the second Cys in all ATPase domains structurally characterized to date (15, 31) . Thus, this thiol from a metal-binding domain of WND may form an interaction with the Cu still bound to Atox1, forming a transient three-coordinate intermediate. In support of this idea, NMR studies on Cu(I) glutathione complexes show facile exchange of the metal between thiol ligands through a three coordinate transition intermediate (32) . Also, a Cu-dependent transient interaction was observed by NMR between the yeast proteins Atx1 and Ccc2 (33) .
The unit cell of the crystal structure of Atox1 contains a Cu bridged homodimer stabilized by intermonomer hydrogen bonds (34) . This structure may be a transition state analog of the ternary heteroprotein-metal complex involved in Cu transfer in vivo (34) , with resemblance to the activated protein-metalchelator complex. A similar mechanism involving a transient ternary complex has been shown to apply for heme transfer from surface receptors (Shp, Shr) to membrane (apo-HtsA) transporters in Streptococcus pyogenes. The heme appears to be transiently shared by axial ligands from both proteins in the activated complex (35, 36) .
The dimeric crystal structure of Atox1 raises the possibility that Atox1 may be a dimer in solution, sharing a single Cu atom, and that the first step in the transfer reaction might be displacement of one of the protein molecules by BCA to generate the Atox1-Cu-BCA intermediate. However, as described in the SI Text, Section B3, this mechanism predicts that the y-axis intercept of plots of k obs vs.
[BCA] should depend linearly on free Atox1 concentration (Fig. S3) . In contrast, the observed data indicate that the intercept is independent of both [apo-Atox1] and the nature of the protein variant. We also carried out sedimentation velocity experiments to examine the molecular weight of the holoprotein in solution. A single sedimentation coefficient (s 20,w ) of Ϸ1.15 was observed and is indicative of a monomer, regardless of the absence or presence of Cu. [Runs were performed and analyzed for us by B. Demeler and A. Musatov (University of Texas Health Science Center, San Antonio, TX).] Previous NMR data also shows holo-Atox1 as a monomer in solution (37) .
Finally, the slow rate of BCA uptake of Cu(I) from solution containing DTT suggests that Cu chaperones, in addition to facilitating transfer to the correct target, make the metal ions kinetically available to substrate proteins in vivo. Millimolar concentrations of strong Cu chelators, such as glutathione, are present in the cytoplasm of eukaryotic cells and would tend to sequester free Cu, inhibiting rapid transport to correct targets (38) . To prevent Cu chelation by small molecule thiols, the metal loop in Atox1 appears to have evolved both to sequester Cu(I) and to form transient complexes with acceptor proteins to facilitate rapid and specific metal transfer.
Materials and Methods
Protein Preparation. Met10Ala and Lys60Ala Atox1 variants were created by using the QuikChange site-directed mutagenesis kit in a pET21b vector. Mutations were confirmed by sequencing of the DNA and MALDI-TOF mass spectrometry of purified proteins. Purification of wild-type and Met 10Ala Atox1 variants was performed as reported (27) . For Lys60Ala Atox1, a pH precipitation step was added to eliminate impurities that could not be separated via gel filtration. Final purity of all proteins was confirmed by SDS/PAGE, which showed single bands. All proteins were purified as apoproteins; the presence of three reduced Cys in each variant was verified by Ellman's assay. Cu(I) forms were made by using CuCl2 in presence of excess DTT (to keep Cu reduced). The buffer was 20 mM Tris, 150 mM NaCl, and 150 -500 M DTT, pH 7.5.
Equilibrium Experiments. Far-UV CD was measured in a 1-mm cell between 200 and 300 nm; near-UV CD was measured in a 1-cm cell between 250 and 350 nm (J-810 spectropolarimeter, Jasco). Tyrosine fluorescence was measured on a Varian Eclipse (excitation at 280 nm; emission monitored between 290 and 400 nm).
Kinetic Experiments. Cu dissociation from Atox1 variants was studied at 20°C upon mixing holoprotein with increasing concentrations of BCA in a stoppedflow mixer (PiStar, Applied Photophysics). BCA forms a specific 2:1 colored complex with Cu(I) with an 562 nm ϭ 7.7 ϫ 10 3 M Ϫ1 cm Ϫ1 (25, 39) . Change in absorption at 565 nm, indicative of Cu(I)-BCA2 formation, was followed over time. Final concentrations were 3.3 M Cu-Atox1 and 0.3 M apo-Atox1 (to ensure all Cu is in complex with protein at the start); the BCA concentration ranged from 0.3 to 19.8 mM. Additional kinetic experiments were performed with wild-type Atox1 in which the Cu concentration was the same (3.3 M) but protein concentration was increased to 9 and 15 M.
SI. SI Text, Section
A contains derivation of analytical expressions for the three-step mechanism, and SI Text, Section B contains comparison of analytical expressions for three distinct two-step mechanisms. The SI also includes Figs. S1-S3 and Tables S1-S3. 
